Abstract
study, diagnosis of glaucomatous damage was based on 1) glaucomatous optic neuropathy, defined as a cup-to-disc ratio > 0.6 or asymmetry of >0.2 between the two eyes, 2) loss or thinning of the neuroretinal rim or retinal nerve fiber layer on clinical examination; 3) reliable and repeatable glaucomatous visual field defect, defined by SITA standard 30-2 or 24-2 Humphery perimetry (Carl Zeiss, Dublin, CA, USA) as two or more contiguous points with a sensitivity pattern deviation at P<0.01 or three or more contiguous points with a sensitivity pattern deviation at P<0.05 in the superior or inferior arcuate areas (compared with that of perimeterdefined age-matched control subjects), or a 10-dB difference across the nasal horizontal midline at two or more adjacent locations and an abnormal glaucoma hemifield test (false positive/negative rate <15%, fixation loss <10%) [14] .
Inclusion criteria for normal subjects were 1) IOP < 21 mmHg by Goldmann applanation tonometry, 2) wide anterior chamber angle determined with Shaffer classification by gonioscopy, 3) normal optic nerve appearance by dilated stereoscopic examination, 4) eligible visual field within normal range by Humphrey perimetry, 5) refractive ranges from +1D to -3D, 6) no medical or family history of retinal diseases or glaucoma, 7) no medical or family history of diabetes mellitus, 8) free of topical medications except artificial tears and anti-cataract eye drops, and free of systemic medications such as diuretics and high osmotic agents, and 9) no prior intraocular or laser surgery on either eye. The age range of included normal subjects was 50−80 years old.
The exclusion criteria for patients were 1) secondary angle closure such as neovascular, uveitic, or traumatic glaucoma, 2) previous laser or intraocular surgery on either eye, 3) subluxated lens or intumescent cataract, 4) uveal effusion or retinal detachment, 5) history or current use of topical or systemic cholinergic agents within 7 days that could affect iris or pupil size, and 6) AL less than 19 mm in either eye.
The study was conducted in accordance with the tenets of the Declaration of Helsinki and approved by the Institutional Review Board of Zhongshan Ophthalmic Center. Written informed consent was obtained from all patients and controls. All subjects underwent detailed ocular examinations, including best-corrected visual acuity by Snellen chart, slit-lamp examination, stereoscopic optic disc examination with a 90-diopter lens, and IOP measurement by Goldmann applanation tonometry. Gonioscopy was performed in the dark using a Goldmann one-mirror lens at high magnification. The extent of PAS in each eye was assessed by both glaucoma specialists (JH & ZW). In all eyes except one, the difference between the two assessments was less than one clock hour. If a discrepancy occurred, a second examination by the two glaucoma specialists was performed and the results averaged. AL was measured by A-scan ultrasonic biometry (Model KN-3000A; Quantel Co, Ltd., France).
Anterior segment optical coherence tomography (AS-OCT)
AS-OCT (Visante 1.0; Carl Zeiss Meditec, CA.) examinations and measurements were performed by the same trained physician (LJ) who was masked to the clinical data. IOP of the examined patients was controlled below 30 mmHg in both eyes using anti-glaucoma eye drops when indicated to minimize corneal edema, which may affect AS-OCT measurements of the anterior segment. Topical cholinergic agents were discontinued for at least 7 days prior to AS-OCT examinations. No prostaglandin analogs or osmotic agents were used as they may affect anterior segment measurements. AS-OCT examinations were first performed with subjects sitting in a bright room (illumination 750 to 800 Lux, Model TES-1339; TES Electrical Corp.) and then in a dark room (illumination 0.2 to 1 Lux). The subjects adapted to the dark for at least 5 minutes prior to examination. During AS-OCT scanning, an internal fixation target was used with the subjects' refractive correction to perform the measurements in an unaccommodated state. Horizontal standard anterior segment single-scan mode (0˚to 180˚) was used for perpendicular scans centered over the pupil and repeated three times. Aligment that results in a central corneal reflex ensures good repeatability as recommended by the manufacturer. After image capture, the best image was selected and stored in the system for subsequent ocular biometric measurements.
AS-OCT linear parameters were measured as described previously using the caliper in the instrument [5, 6] . Briefly, ACD was defined as the axial distance from the corneal endothelium to the anterior lens surface (Fig 1A) . Anterior chamber width (ACW) was the distance between the 2 scleral spurs (Fig 1A) . Pupil diameter (PD) was the distance between the pupil edges of the iris (Fig 1A) . LV was defined as the perpendicular distance between the anterior pole of the crystalline lens and the horizontal line connecting the two scleral spurs (Fig 1A) . Iris thickness (the perpendicular distance from iris pigment epithelium to the anterior iris surface) was measured at 500, 750, and 1000 μm from the iris root (IT500μm, IT750μm, and IT1000μm, respectively) (Fig 2A) . Iris curvature (IC) was defined as the maximum perpendicular distance between the iris pigment epithelium and the line connecting the most peripheral to the most central point of the epithelium (Fig 2C) . LT was defined as the maximum perpendicular distance between the anterior and posterior poles of the lens (Fig 2D) . Angle opening distance (defined as the perpendicular distance from the point anterior to the scleral spur to the anterior iris surface) was measured at 500 μm from the scleral spur (AOD500μm) (Fig 2E) . All area measurements were performed using the "Magnetic Lasso Tool" in Photoshop (Adobe A: Anterior chamber depth (ACD) was defined as the axial distance from the corneal endothelium to the anterior lens surface. Anterior chamber width (ACW) was defined as the distance between the two scleral spurs. Pupil diameter (PD) was the distance between the pupil edges of the iris. Lens vault (LV) was defined as the perpendicular distance between the anterior pole of the crystalline lens and the horizontal line connecting the two scleral spurs. B: Anterior chamber area (ACA) was defined as the cross-sectional area of the anterior chamber bordered by the posterior surface of the cornea, the anterior surface of the iris and the anterior surface of the lens within the pupil. Photoshop CS4, Adobe Systems Inc, CA, USA) as described in our previous study [15] . Anterior chamber area (ACA) was defined as the cross-sectional area of the anterior chamber bordered by the posterior surface of the cornea, the anterior surface of the iris, and the anterior surface of the lens within the pupil (Fig 1B) . Iris area (I-area) was the cross-sectional area of the iris (Fig 2B) . Angle recess area (ARA750μm) was defined as the enclosed triangular area demarcated by the anterior iris surface, the trabecular meshwork, and the corneal endothelium at 750 μm from the scleral spur (Fig 2F) . Every parameter was measured 3 times and the average value recorded. Both the nasal and temporal sides of the structures were measured then averaged.
All parameters were measured by a single physician (LJ), so we also investigated intraobserver reproducibility in 30 glaucoma eyes and 30 normal eyes by repeated measurements in two sessions at an interval of two weeks. , and 1000 μm (IT500μm, IT750μm, and IT1000μm, respectively) were defined as the perpendicular distance from the point at iris pigment epithelium anterior to the iris surface at 500, 750, and 1000 μm from the iris root, respectively. B: Iris area (I-area) was defined as the cross-sectional area of the iris. C: Iris curvature (IC) was defined as the maximum perpendicular distance between the iris pigment epithelium and the line connecting the most peripheral to the most central point of the epithelium. D: Lens thickness (LT) was defined as the maximum perpendicular distance between the anterior and posterior poles of the lens. E: Angle opening distance at 500 μm (AOD500μm) was defined as the perpendicular distance from the point anterior to the scleral spur to the anterior iris surface at 500 μm from the scleral spur. F: Angle recess area at 750 μm (ARA750μm) was defined as the enclosed triangular area demarcated by the anterior iris surface, trabecular meshwork, and corneal endothelium to a distance of 750 μm from the scleral spur. 
Statistical analysis
Statistical analyses were performed using SPSS software version 18.0 (SPSS, Inc., Chicago, IL). The means and standard deviations of the above parameters and changes from light to dark were calculated. Mean values between the CPACG eye and the fellow eye were compared by paired t test. Mean values of parametric data were compared among subgroups by independent samples t test. Gender related differences among the diagnostic groups by chi-square test. Variables without normal distribution, including the optic disc ratio and the extent of PAS, were compared by Wilcoxon rank test for related samples or Mann-Whitney U test for independent samples as appropriate. For all tests among multiple groups, P<0.017 (0.05/3) was considered significant. Intraobserver correlation coefficient (ICC) and 95% limits of agreement were used to evaluate the reproducibility of AS-OCT measurements of linear parameters and area parameters. Pearson's correlation coefficient was used to assess the relationship between light-to-dark changes of PD and I-area with P<0.05 considered significant.
Univariate regression was conducted to evaluate age, sex, IOP, AL, and anterior segment parameters (ACA, LV, LT, IT500, and PD in dark condition) as predictors of dynamic changes between light and dark conditions. Anterior segment parameters that were significant at a level of P<0.1 were included in a multiple linear regression model adjusting for sex, age, IOP, AL, extent of PAS, and diagnostic group. The diagnostic group was considered an unordered categorical variable that did not conform to the requirements of an independent variable in regression analysis, so we set two dummy variables. As it was inappropriate to pool the data of both two eyes from a single subject in the regression analysis, we included only the left eyes of CPACG patients (including 31 PACG eyes and 26 PAC/PACS eyes) and normal controls.
Results
A total of 57 patients with CPACG (34 with PAC and 23 with PACS in fellow eyes) and 30 healthy subjects met eligibility criteria. All subjects were of Chinese ethnicity. There was no difference in age and sex ratio between CPACG patients and normal subjects (Table 1) . Normal eyes and PACS/PAC eyes had significantly better visual acuity and visual field parameters than CPACG eyes. Baseline IOP and cup-to-disc ratio were higher in CPACG eyes than in the other two groups. PAS was more extensive in CPACG eyes than in PACS/PAC eyes. Axial length was shorter in CPACG eyes and fellow PACS/PAC eyes than in normal eyes. Intraobserver reproducibility was acceptable for all AS-OCT measurements (S1 Table) .
The ACD and ACA were smallest in CPACG eyes, and were smaller in fellow PACS/PAC eyes than in normal eyes under both light and dark conditions. Similarly, AOD500μm and ARA750μm were smallest in CPACG eyes, followed by fellow PACS/PAC eyes under light conditions. LV and LT were much larger in CPACG eyes and fellow PACS/PAC eyes than in normal eyes under both light and dark conditions, while there were no differences in the LVs and LTs between CPACG and fellow PACS/PAC eyes under either condition ( Table 2) .
The change in AOD500μm from light to dark was smaller in CPACG eyes than fellow PACS/PAC eyes and normal eyes (Fig 3D) . Similarly, the change in ARA750μm between light to dark was smaller in CPACG eyes than fellow PACS/PAC eyes (Fig 3E) . There were no differences in light-to-dark AOD500μm and ARA750μm changes between PACS/PAC eyes and normal eyes (Fig 3D and 3E) . There was no light-to-dark difference in ACD, ACW, ACA, LV, or LT among the three groups (Figs 3A, 3B, 3C, 4A and 4B).
As shown in Table 3 , PD was larger in CPACG eyes than normal eyes in the light condition but did not differ among groups in the dark condition. Conversely, I-area was smaller in CPACG eyes than fellow PACS/PAC eyes and normal eyes in the light condition, but did not differ among groups in the dark condition. Therefore, light-to-dark PD and I-area changes were largest in normal eyes and smallest in CPACG eyes (Fig 5A and 5B) .
No differences were found in iris thicknesses among the three groups under the light condition (Table 3 ). In the dark, IT500μm and IT750μm were smaller in CPACG eyes than in PACS/PAC eyes, while IT1000μm was smaller in CPACG eyes than normal eyes. Therefore, changes in the iris thickness 500 and 1000μm from the iris root in response to light were smaller in CPACG eyes than normal eyes (Fig 5E and 5F ). There were no significant differences in ΔIC among normal, PACS/PAC, and CPACG eyes in response to light (Table 3 , Fig  5C) , while IC was smaller in normal eyes under both light and dark conditions compared to PACS/PAC and CPACG eyes ( Table 3) .
The relationship between mean PD changes and I-area changes after physiological mydriasis is illustrated in Fig 6. The I-area decreased with increasing pupil size in all three groups (r = (Table 3 ). There was no significant difference in I-area change with pupil dynamic change among groups (Table 3) . Univariate and multiple linear regression analyseis revealed larger IC in the dark and PACG diagnosis as significant predictors of smaller light-to-dark change in I-area (Table 4) .
Discussion
Recent studies suggest that both anatomic and physiological factors contribute to the pathogenesis of primary angle closure glaucoma [16] . In addition to anatomic factors, dynamic changes of the iris are implicated in disease pathogenesis [17, 18] . However, most studies on dynamic changes of the anterior segment in PACG have compared patients to healthy normal [7, 8, 19] , which may reveal little about disease progression. Here we focused on the asymmetric onset of chronic PACG by comparing changes in the anterior segment of CPACG eyes to fellow PACS/PAC eyes. In our previous study, shallower ACD, shorter AOD500, and thinner IT Dynamic changes of anterior segment in PACG eyes and their fellow eyes The lightto-dark changes of I-areas were largest in normal eyes and least in CPACG eyes. C: There was no significant difference in iris curvature changes in response to light among normal eyes, PACS/PAC eyes, and CPACG eyes. D: There was no significant difference in the light-to-dark changes of IT500μm among normal eyes, PACS/PAC eyes, and CPACG eyes. E: The light-to-dark changes of IT750μm were smaller in CPACG eyes than in normal eyes. There was no significant difference between PACS/PAC eyes and CPACG eyes in the iris thickness. F: The light-to-dark changes of IT1000μm were smaller in CPACG eyes than in normal eyes. There was no significant difference between PACS/PAC eyes and CPACG eyes in the iris thickness. CPACG: chronic primary angle closure glaucoma; PAC: primary angle closure; PACS: primary angle closure suspect; PD: pupil diameter; I-area: iris area; IC: iris curvature; IT500μm/IT750μm/IT1000μm: iris thicknesses 500 μm/ 750 μm/1000 μm from the iris root. *: significant difference between PACG eyes and fellow eyes (P<0.017); †: significant difference between fellow PAC/PACS eyes and normal eyes (P<0.017); ‡: significant difference between PACG eyes and normal eyes (P<0.017); Error bars: 95% confidence interval (95% CI).
https://doi.org/10.1371/journal.pone.0177769.g005 Dynamic changes of anterior segment in PACG eyes and their fellow eyes as measured by UBM were found in PACG eyes compared to fellow PAC/PACS eyes [13, and similar findings were demonstrated in the current study by AS-OCT in light and/or dark conditions. Smaller light-to-dark changes in anterior chamber angle, pupil diameter, and iris area were found in PACG eyes compared to their fellow PAC/PACS eyes. In addition, smaller light-to-dark changes in pupil diameter were found in fellow PAC/PACS eyes compared to normal healthy eyes. The dynamic change of iris area was smallest in CPACG eyes, and largest in normal eyes, and was related to larger iris curvature in CPACG eyes. We suggest that blunted dynamic changes in the anterior chamber may contribute to disease progression. A previous study on dynamic changes in anterior chamber depth and area found no significant difference between PACG eyes and open-angle eyes [7] , while others found smaller lightto-dark AOD500 changes in PAC/PACS eyes than normal eyes [9, 20] , but no difference among PACS, PAC, and PACG eyes [10, 20] . In the current study, AOD500μm changes in CPACG eyes were much smaller than in fellow PACS/PAC eyes. Given that no significant differences in light-to-dark lens parameter changes were found among normal, PAC, and PACG eyes in two previous studies [7, 10] as well as the current study, the iris is likely to be responsible for most, if not all, of the dynamic changes in the anterior chamber.
Previous studies found no difference in pupil diameter changes between normal and PACS eyes [19] , or between PACG/PAC eyes and fellow eyes with acute PAC during light-to- Dynamic changes of anterior segment in PACG eyes and their fellow eyes dark transition [21] . In the current study, however, the pupil diameter change was largest in normal eyes and smallest in CPACG eyes. In PACG eyes and fellow PACS/PAC eyes, this paradoxical pupillary response to light may be attributed to optic nerve damage and contraction −relaxation dysfunction of the iris. In vivo measurements of the iris may provide clues on the mechanisms underlying this deficit. In our previous study, CPACG eyes had thinner irises than fellow PAC/PACS eyes [13] . In the current study, iris area was smallest in PACG eyes and largest in normal eyes in the light condition, consistent with a previous study where PACG eyes had thinner irises than normal subjects [22] . These anatomic changes may contribute to contraction−relaxation dysfunction of the iris in CPAGC. In CPACG eyes, a smaller change in iris area between light and dark conditions implies a larger pupil diameter under bright light and less relative dilation from light to dark. Thus, it is not surprising that there is less change in the iris. In the current study, there were no differences in pupil diameter and iris area between normal eyes and CPACG eyes under the dark condition. Neither iris thickness at 500μm nor at 750μm from the iris root differed between normal eyes and CPACG eyes in the dark condition. Apart from angle crowding, changes in iris configuration in response to light may play an important role in angle closure. It is thought that the pressure difference between anterior and posterior chambers causes forward bowing of the iris, resulting in greater curvature [23] . In the current study, smaller iris curvature in normal eyes strongly suggests that the extent of iris curvature may be an indicator of pupillary block. Moreover, for the first time, we report that eyes with less iris curvature under dark conditions exhibit a greater light-to-dark change in iris area.
The iris is a sponge [18] , and dynamic changes in iris area reflect its ability to release fluid from the stroma [24] , which is associated with occludable angle [25] . We found that a smaller dynamic change in iris area was correlated with smaller anterior chamber area, a thinner iris, and larger iris curvature. These results are in accord with previous findings that a smaller iris area decrease was associated with shorter axial length in both normal and PACS eyes [19] , and that iris volume decrease was associated with a thinner iris in fellow eyes of acute PAC and PAC/PACG eyes [22] . In smaller eyes with shorter axial lengths and smaller anterior chamber areas, the release of fluids from the iris stroma may be limited. Anterior bulk and thinner iris may also affect dynamic changes of the iris.
In this cross-sectional study, reduced iris thickness, iris area, and contraction−relaxation function with PACG progression and severity may be related to iris atrophy owing to chronic elevated intraocular pressure or to aberrant dynamic behavior of the iris. However, a previous study found that eyes with primary open angle glaucoma (POAG), which are also exposed to chronically elevated intraocular pressure, exhibit iris thickness and light response similar to PACS eyes [10] . Moreover, light-to-dark changes in iris area of PAC/PACS eyes were smaller than in POAG eyes [24] . Thus, it appears that chronically elevated intraocular pressure contributes little to the dynamic behavior of the iris.
There are several limitations to this study. 1) The cross-sectional nature of the study design limits exploration of causal associations between disease course and anterior chamber features.
2) The measurements were from horizontal cross-sectional images only and may not be representative of the entire anterior segment. 3) PACG eyes were still treated with topical IOPreducing medications (other than prostaglandin analogs or osmotic agents) during the study. However, topical cholinergic agents were discontinued for at least 7 days, which should have minimized effects on anterior segment measurements. 4) All of the AS-OCT measurements were performed by a single physician. However, intraobserver reproducibility was acceptable.
In summary, we compared several anterior segment parameters and their dynamic changes from light to dark in CPACG eyes, PAC/PACS fellow eyes, and normal eyes. Dynamic changes of iris area and pupil diameter were smallest in CPACG eyes and largest in normal eyes, a difference attributable to smaller anterior chamber area, thinner iris, and greater iris curvature in CPACG eyes. Although this cross-sectional comparison study does not prove causation, the data strongly suggest that iris dynamics contribute substantially to the progression of PAC to PACG. 
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